A commercially available computational¯uid dynamic (CFD) software program, speci®c for HVAC systems, was used to study the performance of an aerodynamic fume cupboard. The numerical results showed good qualitative agreement with physical measurements giving con®dence in the CFD model to simulate and predict overall fume cupboard performance. However, there were some quantitative dierences speci®cally around`aerodynamic' features that could not be accurately simulated by the software code. The CFD model was clearly able to demonstrate dierences in performance between good and bad cupboard designs, and show the importance of using rear baes and lipfoils. It also showed the importance of good design features when a`worker' was standing against the front edge or when there were draughts in front of the aperture. The computer model was used to simulate the gas tracer containment test method described in BS 7258 (1994) [Laboratory Fume Cupboards ], and had a much greater sensitivity than the recommended physical measuring instruments. The results given in this paper demonstrate the potential for using a commercially available software package for the optimisation of fume cupboard design and testing. It also indicates the economy of using CFD compared with building a prototype and testing a model. 7
INTRODUCTION
The protection of workers from potentially hazardous substances that may become airborne during work practices is an essential health and safety issue. A range of local exhaust ventilation (LEV) systems is available to reduce the levels of airborne contamination and thereby reduce the exposure of workers to such materials. In all of these facilities it is important to be able to predict performance at the design stage and to verify this performance at commissioning and subsequently during routine maintenance.
The general purpose laboratory fume cupboard is an example of`local exhaust ventilation' and is found in practically every science laboratory. It is a partially enclosed workspace that limits the spread of fumes to the worker and other personnel. An induced¯ow of air through an adjustable working aperture dilutes the fumes, and by means of an extract system, provides for the release of the fumes remotely and safely (BS 7258, 1994) . There are many dierent fume cupboard types but they can be categorised generally as conventional`box' types and comparatively more modern`aerodynamic' types.
From the earliest use of fume cupboards, air¯ow visualisation and face velocity measurements were parameters by which the user assessed the eectiveness of the cupboard as a safety device. These assessments stimulated the development of aerodynamic cupboards where attention was paid to the smoothness of air¯owing into and within the work-ing space, thereby reducing turbulence produced by boundary layer separation at edges.
In recent years, and with the introduction of the UK Control of Substances Hazardous to Health Regulations in 1988, greater emphasis has been placed on the level of containment a fume cupboard can achieve. This has required more sensitive and accurate methods of assessment. The early philosophy was that the higher the face velocity and the smoother the air¯ow then the greater the containment (Hughes, 1980) . This could be especially true when unfavourable environmental conditions existed (Caplan and Knutson, 1982) . However, it was also shown that turbulent diusion played a major role and containment could be related more to the volume¯ow rate than the face velocity (Roach, 1981) . It was realised that face velocity measurements were not suciently sensitive or reliable for measurement of actual exposure and that quantitative assessment of the containment eciency of a fume cupboard was required.
This problem was approached by various interested groups and resulted in greatly diering fundamental philosophies and test methods. A number of standards were published, for example, in America ASHRAE 110 (1993 ), in Germany DIN 12 924 (1991 and in Britain BS 7258 (1994) . In all of these standards the emphasis on¯ow visualisation, face velocity or quantitative containment tests diered. There were also the questions of whether a cupboard, when tested, should be full of equipment or empty, and whether some form of challenge to containment should be included. In the current preparation of a European Standard there are still a number of unresolved issues concerning the speci®-cation of a`standard test method'.
Alongside these test systems the relatively new technique of computational¯uid dynamics (CFD) was proving important in demonstrating the performance of LEV systems. CFD is the numerical simulation of air¯ow; a tool for solving theoretical complex¯uid¯ow problems both qualitatively and quantitatively. With developments in computer hardware and software, CFD has evolved as an engineer's tool, now able to be used on the personal computer (PC). This has allowed the development of`application speci®c' programs, such as for the design and development of heating, ventilation and air conditioning (HVAC) systems, reducing the number of choices the user needs to make in terms of parameter settings and modelling techniques, and removing the need to write basic code.
If CFD can accurately predict the performance of LEV systems at the design stage (or at least indicate major functional problems that can be avoided) it has a valuable place in the design and commissioning of containment facilities. However, there is still mistrust by many engineers as to the accuracy of the results, but as CFD is improved and developed, and closer comparisons with physical measurements are demonstrated, it is being accepted.
Areas where its usefulness is established are in the design of animal houses (Hughes et al., 1996) , clean rooms and in contamination control, where knowing the distribution of temperature and potential contaminants is a high priority. CFD has been used to increase our understanding of the leakage routes in simple conventional`box' type fume cupboards (Durst and Pereira, 1991; Peixin et al., 1996; Saunders et al., 1994) and in establishing guidelines for laboratory construction (NIH, 1996) .
The work presented in this paper made use of a commercially available CFD program for HVAC systems to demonstrate that a CFD model could produce results that compared favourably with physical measurements and give con®dence in simulating and predicting overall fume cupboard performance. The CFD model was then also used to distinguish between the performance of`extremes' in cupboard designs and to predict the eect of environmental disturbances on these designs.
CFD SOFTWARE PROGRAM
A PC based commercial package (Flovent v1.4, Flomerics Ltd) was used, with code using ®nite volume methods (Patankar, 1980) speci®cally tailored for predicting air¯ows in the built environment. Basic data was fed into the computer via a graphical user interface. This described the architectural features of the work area/building in two or three dimensions, the ventilation system (values for inlets and outlets etc.), the internal details (values for temperature etc.) and the properties of the¯uid (density, viscosity, speci®c heat etc.). The user then had to specify whether the solution was steady state (that is continuous) or transient in behaviour, and whether it involved laminar or turbulent¯ow with a choice of ®xed turbulence or the k±e model (Launder and Spalding, 1974) .
The software simulation was used to analyse air movement and the dispersal of gas tracers. The information could be displayed as vectors, contours or ®lls and analysed qualitatively or quantitatively, by extracting numerical data and processing this separately using, for example, a spreadsheet.
In this study the results were displayed as air¯ow vectors, speed (magnitude of vector) and velocity resolved in a stated direction. Concentration of a gas tracer was displayed as kg tracer /kg air . This can be converted to ppm using the equation CFD for assessing fume cupboard performance 205
THREE-DIMENSIONAL PROBLEM SET-UP
The fume cupboard was represented as a threedimensional model based on a commercially available aerodynamic fume cupboard (Fumair Ltd) ( Fig. 1 ). Over this, a solution grid (46 530 cells) was laid which was simple enough to limit calculation time but complex and re®ned enough to represent important design features.
The model included the rear bae, shaped cupboard roof, bypass and an`aerodynamic' lipfoil. Curves could not be simulated in the model so the lipfoil was constructed using thin walls, straight and angled, with a vertical distance of 60 mm between the work surface and the lip. The aerodynamic sash foil could not be represented accurately and so a simple device was simulated in some cases. The room, external to the cupboard, had openings speci®ed at the boundaries as passive inlets, as all the air within the solution domain would be exhausted through the fume cupboard. The exhaust duct was modelled as a slot with an extract mass¯ow rate of 0.327 kg s À1 with uniform velocity. This gave a mean cupboard face velocity between the top edge of the lipfoil and the lower edge of the sash (height 500 mm) of 0.5 m s
À1
. The solution domain was adiabatic at 208C and all fume cupboard surfaces were smooth with no heat transfer.
For calculation purposes, each simulation was run as steady state, that is until equilibration within the domain was reached. In order to represent turbulence the k±e model was used. The solution time was between 2 and 3 days using a PC 486, 66 MHz processor with 8 MB RAM.
COMPARISON OF THE CFD SIMULATION WITH PHYSICAL MEASUREMENTS
Considerable experience now exists, using physical measurements, on the performance of fume cupboards. The fume cupboard used in this investigation was assessed using smoke visualisation, face velocity measurements, and sulphur hexauoride and potassium iodide tracer containment tests. The cupboard was tested satisfactorily according to BS 7258 (1994) Part 1 and, using the tracer method in Part 4, no gas tracer was sampled in the plane of the sash. The cupboard was also tested satisfactorily according to the containment requirements of BS 5726 (1992) using potassium iodide tracer, with an operator protection factor >10 5 .
Air¯ows
The air¯owing through the interior of the aerodynamic fume cupboard was visualised using smoke particles and CFD. The fume cupboard had transparent side panels so that the movement of the smoke could be captured on video and subsequently transferred to computer. Both methods demonstrated similar¯ow patterns. The air¯ow was uniform through the aperture as it travelled towards the rear bae (Fig. 2) . From this¯ow stream the air separated to¯ow either to the lower scavenging slot or upwards to the top opening. A vortex formed behind the sash and was enhanced by the shape of the bae, the roof of the cupboard interior and the entry of bypass air down behind the sash. The smoke tracer visualised air¯ow over thè aerodynamic' features of the sash handle and the lipfoil with no boundary layer separation. Thè aerodynamic' sash handle was not incorporated into the CFD model, but the overall air¯ow simulated in this region was similar to the smoke visualisation.
Physical measurements of air velocity were made in the plane of the sash using a rotating vane and thermistor anemometer. In the centreline of the aperture width, the vertical pro®le (Fig. 3a) showed lower air velocities near to the top and bottom surfaces, which then increased from the surface but decreased in the middle of the aperture; these`edge' eects were considered to be due to the curved surfaces.
The CFD simulation showed a similar speed pro®le over the greater part of the aperture (Fig. 3b) . However, beneath the lipfoil there was a large dierence between the physical measurements and the calculated values. The physical values showed higher velocities nearer to the lipfoil whereas the calculated values were the reverse. The underside of the lipfoil was actually a smooth curve that could not be accurately represented in the CFD simulation.
Across the work surface, the air¯owed straight to the back wall (Fig. 4a,b) . At mid-height (Fig. 4b) , small recirculation zones were shown at the back of the cupboard against the rear bae. In both ®gures the air was`squeezed' at the edges as it¯owed around the`aerodynamic' features. This was re¯ected in the speed pro®les across the aperture plane, being uniform across the aperture width ( Fig. 3b) but then increasing before decreasing near to the sides. Physical measurements made at midaperture height con®rmed this pro®le.
Containment
In order to compare the predicted containment performance of the fume cupboard with physical measurements, the BS 7258 (1994) Part 4 test was simulated using CFD. In the standard physical test method, SF 6 tracer gas was released from a funnel, 30 mm in diameter, as 10% SF 6 /90% N 2 at a rate of 2 l. min À1 m À1 cupboard aperture width, that is 2.4 l. min À1 for the cupboard tested. This gas mixture had a density of 1.7 kg m À3 making it near neutral buoyancy. Even though SF 6 gas is much heavier than air (molecular weight 211), when released as a mixture it immediately disperses in the air¯owing through the cupboard exhibiting negligible negative buoyancy eects. In the CFD model the funnel was represented as a 30-mm square planar source and 10% SF 6 /90% N 2 gas was released at a mass¯ow rate of 68 mg s
À1
. The ideal gas law was used and the gas given a molecular weight of 39.8 to re¯ect the slightly greater density in air. The CFD model predicted the movement of 10% SF 6 / 90% N 2 but for analysis terms only 10% of these values were used to represent the concentration of SF 6 tracer in terms of kg tracer /kg air .
Sources were simulated in the CFD model at positions equivalent to P2 and P5 in BS 7258 (1994) . These were at the centre of the cupboard width, 150 mm behind the plane of the aperture and 150 mm above the work surface (P 2 ) or 150 mm below the lower edge of the sash handle (P 5 ). With tracer released from each simultaneously, much of the working volume was ®lled with tracer apart from regions near to the left and right walls. From the vertical and horizontal pro®les (Fig. 5) there were negligible amounts of tracer 1 Â 10 À10 kg tracer akg air near the work surface or at mid-aperture height in the plane of the aperture. However, near to the sash, where no handle was simulated, the concentration of tracer was several orders of magnitude higher. This was not unexpected. In order to see the eect of a very simple handle, an angled thin wall with a trailing edge extending into the working volume was added to the sash. The solution grid was not altered. The presence of this feature decreased the concentration of tracer in the plane of the aperture to negligible amounts.
The calculated concentration of tracer in the plane of the sash was around the maximum sensitivity of infra-red gas analysers, 1 ppb. If these CFD simulations were used to predict the results of physical measurements, then for the aerodynamic cupboards no tracer would be sampled in Fig. 2 . Comparison of air¯ows within an aerodynamic fume cupboard as visualised using smoke and by CFD simulation. Smoke was released inside the test room 100 mm from the centre of the aperture. The smoke was generated using smoke tubes (DraÈ ger Ltd).
the plane of the sash near to the work surface and mid-aperture. Physical tests would sample and detect the tracer near to the sash with no handle present. However, with the simple sash handle ®tted no tracer would be detected in the entire aperture plane. The CFD model showed good comparisons with the physical measurements inspiring con®dence that it could simulate and predict overall fume cupboard performance.
COMPARING THE EFFECT OF FUME CUPBOARD DESIGN FEATURES ON THE OVERALL FLOW FIELD
The development of the modern aerodynamic fume cupboard began with the addition of rear bafes and shaped entry foils. The CFD model was used to see how each of the design features contributed qualitatively and quantitatively to the overall ow pattern within the fume cupboard. The ®rst G. P. Nicholson et al. 208 simulation was with the complete fume cupboard design, then the rear bae, lipfoil, and then both were removed for subsequent simulation. In each case the solution grid was unaltered, and the extract ow rate unchanged.
Air¯ows
In Fig. 6 , the eect of the rear bae and front lipfoil on the air¯ow is clearly demonstrated. Removal of the rear bae eliminated scavenging across the work surface and increased the size of the vortex behind the sash. In addition, it created a large stagnant zone at the rear of the cupboard near the work surface. Removing the lipfoil alone did not appreciably aect the air¯ow inside the cupboard but at the lower front edge, in the plane of the sash, there was negligible air¯ow near to the work surface. Removal of both the rear bae and the lipfoil exaggerated these eects. These were con®rmed by the velocity in the x direction and speed pro®les in the plane of the aperture (Fig. 7) . With full`aerodynamic' features there was an even face velocity across the aperture. Removing the rear bafe resulted in greater velocity towards the top of the aperture and lower towards the lipfoil. Removal of the lipfoil alone produced reverse¯ows at the lower front edge, and with the removal of both bafe and lipfoil there was an exaggerated asymmetrical vertical face velocity pro®le.
Containment
In order to compare the containment performance, a volume gas tracer source was speci®ed on the work surface to resemble a beaker 150 mm from the front edge and occupying the width of the work surface in the z direction. This was`transparent', allowing air to¯ow through it, and gas tracer at the same density as air was mixed with it at a ratio of 0.001 kg tracer /kg air . For the simulated`aerodynamic' cupboard, the calculated concentration of gas in the aperture plane near to the work surface and at mid-aperture height was <1 Â 10 À9 kg tracer /kg air (Fig. 8a,b) . Near to the sash, the values were only an order of magnitude greater. Removing only the rear bae resulted in a concentration of tracer, near to the sash in the plane of the aperture, several orders of magnitude higher (Fig. 8a) . Removal of only the lipfoil resulted in higher gas tracer concentrations in the entire aperture plane (Fig. 8a) , two orders of magnitude higher near to the sash. Removal of both the rear bae and lipfoil resulted in higher gas tracer concentrations near to the sash and concentrations several orders of magnitude higher near to the work surface Ð the gas moving out of the cupboard past the plane of the aperture (Fig. 7b) . There was little change at mid-aperture height.
EFFECT OF ENVIRONMENTAL DISTURBANCE ON SIMULATED AIRFLOW AND GAS TRACER DISPERSAL
The CFD simulation was used to study the eects of an environmental disturbance on the performance and containment of the`aerodynamic' cup- CFD for assessing fume cupboard performance 209 board model, with and without the rear bae and lipfoil. A continuous air¯ow across the face of the cupboard, speci®ed as a 1 m s À1 supply over the right side of the domain in front of the cupboard, was used as the environmental disturbance.
Air¯ows
The cross¯ow caused substantial disturbance of air¯ow within the working space of the`aerodynamic' model resulting in recirculation zones at the nearest edge to the cross¯ow origin and sideways movement of air across the work surface (Fig. 9a,b) . At mid-aperture height the recirculation zone at the near edge was much greater, but there was little eect on the air¯ow over the rest of the working volume. Removal of the rear bae and lipfoil caused eects at mid-aperture height similar to those within the`aerodynamic' fume cupboard. However, there was a greater disturbance of the airow near to the work surface, extending across the work surface towards the left side wall. 
Containment
The same volume gas tracer source as speci®ed in the previous section was used. This was a beaker 150 mm from the front edge and occupying the width of the work surface in the z direction. It was`transparent', allowing air to¯ow through it, and gas tracer at the same density as air was mixed with it at a ratio of 0.001 kg tracer /kg air . The eect on the concentration in the aperture plane of the`aerodynamic' model was greatest near to the work surface (Fig. 9c) . Here levels were increased near to the cross¯ow origin but reduced rapidly across the aperture. At mid-aperture height, where there was a larger recirculating zone, there were lower concentrations in the aperture plane than at the work surface, and again this reduced rapidly across the aperture width. With both the rear bae and lipfoil removed, the concentration levels near to the cross¯ow origin were similar at both work surface and mid-aperture heights. The concentrations were also similar in the`aerodynamic' model near to the work surface. However, the concentration levels in the plane of the aperture of the cupboard, with the rear bae and lipfoil removed, remained much higher across the aperture width.
EFFECT OF`WORKER' BLOCKAGE ON SIMULATED AIRFLOW AND GAS TRACER DISPERSAL
The CFD simulation was used to study the eects of blockage on air¯ows and containment. Thè aerodynamic' model, with and without the rear bae and lipfoil, was used and a`worker' standing against the front edge of the lipfoil or against the front edge of the work surface (Fig. 10) , with arms extending into the workspace, was simulated. Thè worker' was made up of blocks with smooth surfaces, was adiabatic and there was no change of grid or any other parameters.
Air¯ows and containment
The presence of the`worker' resting against the CFD for assessing fume cupboard performance 213 lipfoil of the`aerodynamic' cupboard disturbed the air¯ow in the plane of the aperture. At work surface height beneath the lipfoil, there was only a slight disturbance. At mid-aperture height, there were recirculation zones in front of the`worker' and the eect stretched deep into the working volume resulting in a substantial decrease in the velocity and speed values in front of the`worker' (Fig. 7 and 11 ). The presence of the`worker' did not result in gas tracer Ð released from the work Fig. 9 . The eect of a cross¯ow of air (1 m s À1 ) past the aperture of an`aerodynamic' fume cupboard, with and without the rear bae and lipfoil removed, on the calculated velocity (x direction, Fig. 1 ) (a), speed (b) and concentration (c) pro®les in the aperture plane, z direction, near to the work surface and at mid-aperture height.
surface as in the section on the eect of fume cupboard design features Ð being drawn back to the plane of the aperture near to the work surface or at mid-aperture height. Slightly elevated values were found near to the sash ( Fig. 8 and 11) . Removal of the rear bae and lipfoil resulted in a much greater eect on the air¯ow due to thè worker'. Recirculation zones became dominant both behind the sash and across the work surface, where a large volume of air¯owed from the back of the working volume to the front aperture. Without the rear bae or the lipfoil, air¯owed back out beyond the aperture plane ( Fig. 7 and 11 ) and at mid-aperture height the air was stagnant in front of the`worker'. This resulted in gas tracer, released from the work surface, reaching concentrations several orders of magnitude higher in the entire aperture plane (Fig. 8 and 11 ).
DISCUSSION
Any analysis technique only re¯ects the real situation to a limited extent. Factors aecting physical measurements are sensitivity, accuracy and positioning of the equipment. For CFD, the limitations are uncertainty in boundary conditions, physical assumptions, level of detail, modelling techniques, turbulence modelling and computing power. Ultimately, comparisons of physical measurements and CFD results require a good deal of experience and expertise (Janssen et al., 1992) .
For the aerodynamic fume cupboard model used in this paper, the results from physical measurements and CFD compared well qualitatively but there were some dierences quantitatively. These dierences centred mainly on the simulated`aerodynamic' features that could not be represented as curved boundaries in the software package used. However, generally, similar conclusions on performance from both methods gave considerable con®-dence in using CFD as a design tool in its own right.
The software model was clearly able to demonstrate dierences in performance between good and bad cupboard designs, showing the importance of rear baes and lipfoils in scavenging and preventing recirculating zones near to the aperture. CFD also showed how these design features are important when a`worker' is standing against the front edge or when there is a cross¯ow of air in front of the aperture.
At present, there are accepted fume cupboard designs that can perform satisfactorily (Saunders, 1993) , and most modern aerodynamic cupboards are designed and built in this way. This means that small detail dierences in commercial cupboard designs are important and there is a requirement for the CFD model to re¯ect this. Work is continuing using the software package to assess the performance of design features, such as lipfoils and sash handles, individually, allowing for more detailed and accurate simulations. In addition, other code is being investigated using curved boundaries, which may better simulate aerodynamic features.
CFD has an important role to accurately predict the steady state and disturbed performance of fume cupboards at the design stage. Ultimately physical test methods will have to be used at commissioning and routine maintenance where environmental conditions or departures from the design speci®cations are not known or cannot be predicted.
The CFD model was used to simulate the gas tracer method described in Part 4 of BS 7258 (1994) . The model demonstrated an ability to calculate lower tracer concentration values than the maximum sensitivity of physical instruments, such as the infrared gas analyser. An advantage of the CFD program is that the tracer can be visualised in any CFD for assessing fume cupboard performance 215 plane and it is not subject to limitations such as the position of physical spot source and sampling equipment.
Using the CFD program as a comparative tool, the performance of gas tracer test methods being considered for European standardisation are being investigated. With speci®c code, particle motion is also being studied so that the performance of particle tracer methods, such as the KL-Discus test system (Containment Technology Ltd), can be compared with the gas tracer methods. This will complement present research into physical comparisons (Nicholson, 1997) and such work is expected to yield important new information for the optimisation of existing and new containment testing strategies. Fig. 11 . The eect of a simulated`worker' leaning against the front of an`aerodynamic' cupboard, with and without the rear bae or lipfoil, on the calculated velocity (x direction, Fig. 1 ) (a), speed (b) and concentration (c) pro®les in the aperture plane, z direction, near to the work surface and at mid-aperture height.
G. P. Nicholson et al. 216 Each three-dimensional fume cupboard CFD simulation took 2±3 days to solve on a PC 486 DX 66 MHz computer. There is a cost balance between the development, calculation, testing and validation of CFD models or the building of physical models and testing them using physical measurements. The more dicult and costly the physical models become the greater the value using CFD.
